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ABSTRACT
Observations of extended atmospheres around hot planets have generated exciting results concerning
the dynamics of escaping planetary material. The configuration of the escaping planetary gas can
result in asymmetric transit features, producing both pre- and post-transit absorption in specific
atomic transitions. Measuring the velocity and strength of the absorption can provide constraints
on the mass loss mechanism and, potentially, clues to the interactions between the planet and the
host star. Here we present a search for Hα absorption in the circumplanetary environments of the
hot planets KELT-3 b and GJ 436 b. We find no evidence for absorption around either planet at
any point during the two separate transit epochs that each system was observed. We provide upper
limits on the radial extent and density of the excited hydrogen atmospheres around both planets. The
null detection for GJ 436 b contrasts with the strong Lyα absorption measured for the same system,
suggesting that the large cloud of neutral hydrogen is almost entirely in the ground state. The only
confirmed exoplanetary Hα absorption to date has been made around the active star HD 189733 b.
KELT-3 and GJ 436 are less active than HD 189733, hinting that exoplanet atmospheres exposed to
EUV photons from active stars are better suited for Hα absorption detection.
1. INTRODUCTION
Due to the large amount of stellar flux received, hot
planets (Porb . 5 days) provide insight into extreme as-
trophysical processes that do not occur around longer
period planets. These planets are often observed to be
inflated (e.g., Laughlin et al. 2011) and detailed rota-
tional and atmospheric dynamics have now been ob-
served for the hot Jupiters HD 189733 b (Wyttenbach
et al. 2015; Brogi et al. 2016; Louden & Wheatley 2015)
and HD 209458 b (Snellen et al. 2010).
Perhaps the most interesting dynamical process ob-
served around hot planets is evaporative mass loss. This
process was first observed by Vidal-Madjar et al. (2003)
for the hot Jupiter HD 209458 b: observations of the
UV hydrogen line Lyα showed an extended atmosphere
of neutral hydrogen that was larger than the planet’s
pcauley@wesleyan.edu
Roche limit. Followup observations demonstrated that
the mass loss was highly variable and changed signifi-
cantly from epoch to epoch (Lecavelier des Etangs et
al. 2012). Subsequent investigations of other hot planet
systems, namely HD 189733 b, 55 Cnc b, and GJ 436 b,
have revealed a handful of mass loss detections (Lecave-
lier des Etangs et al. 2010; Ehrenreich et al. 2012; Kulow
et al. 2014; Ehrenreich et al. 2015).
The most recent mass loss detection around GJ 436
b by Ehrenreich et al. (2015) highlighted the possibility
of observing these extended and escaping atmospheres
both before and after the nominal planetary transit (i.e.,
the broadband white light transit). Besides GJ 436 b,
evidence for pre-transit signatures have been observed
for WASP-12 b (Fossati et al. 2010) and HD 189733
b (Ben-Jaffel & Ballester 2013; Bourrier et al. 2013;
Cauley et al. 2015, 2016).
Although it seems that both pre- and in-transit sig-
natures of extended atmospheres may be common for
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2hot planets, observing these phenomena requires signifi-
cant telescope resources since there is evidence that they
do not manifest in broadband photometric observations
(Turner et al. 2016), i.e., the absorption is only seen
in strong atomic lines. Due to the abundance of hydro-
gen and the intrinsic line strength, the atomic transition
most suited for measuring the dynamics of the escaping
material is the resonance line Lyα (e.g., Lecavelier des
Etangs et al. 2010; Ehrenreich et al. 2015). Currently,
the only telescope capable of performing high-spectral
resolution Lyα observations is the Hubble Space Tele-
scope (HST ). Thus it is difficult to perform exploratory
Lyα measurements of these phenomena for a large num-
ber of systems due to the high demand for time on HST
and the inherent variability associated with the mass
loss process (e.g., Lecavelier des Etangs et al. 2012).
Our recent detections of pre-transit, as well as in-
transit, Hα absorption signatures around HD 189733 b
suggest that it may be possible to detect highly extended
neutral atmospheres using high-resolution optical spec-
trographs (Jensen et al. 2012; Cauley et al. 2015, 2016).
A detection of excited hydrogen via the flux decrement
at the Balmer jump was first reported by Ballester et
al. (2007) for HD 209458 b. While our excited hydrogen
measurements for HD 189733 b do not show evidence of
large blue-shifted velocities indicative of escaping ma-
terial, the transit depths indicate that the transmission
spectrum is probing pressures of 10−6–10−9 bars, i.e.,
the planetary thermosphere (Christie et al. 2013). We
note that Barnes et al. (2016) recently questioned the
planetary origin of the HD 189733 Hα signal due to ve-
locity centroids in the transmission spectra that appear
to correspond to the stellar rest frame. Thus there are
still questions concerning the nature of the in-transit
HD 189733 Hα measurements. In an upcoming paper,
however, we will argue for the planetary interpretation
although further observations are certainly warranted
to confirm either hypothesis. Detections of highly ex-
tended atmospheres via Hα absorption would provide
strong targets for followup Lyα observations that can
be used to constrain the mass loss mechanism and es-
cape rate.
In this paper we present high spectral resolution ob-
servations of Hα for the hot planets KELT-3 b (Pep-
per et al. 2013) and GJ 436 b (Butler et al. 2004) with
the aim of searching for Hα absorption in the circum-
planetary environment.1 KELT-3 b was chosen for both
the brightness (V=9.8), visibility during the 2016 A
semester, and the suggested low chromospheric activ-
ity level of its host star (Pepper et al. 2013), a desirable
property since stellar activity can mimic absorption sig-
natures (e.g., Berta et al. 2011; Cauley et al. 2016). GJ
436 b was targeted due to the large Lyα transit depth
measured by Ehrenreich et al. (2015): even a small frac-
tion (∼0.01%) of the neutral hydrogen in the n = 2 state
would be detectable across a single transit. A detec-
tion of excited hydrogen absorption around these planets
would significantly expand the confirmed Hα detections
(see Jensen et al. 2012; Cauley et al. 2015, 2016) and
further our understanding of how this line forms in hot
exoplanet environments.
2. OBSERVATIONS AND DATA REDUCTION
The observations were performed using the Bench
Spectrograph with Hydra (Barden et al. 1992) at the
WIYN 3.5 meter telescope. The instrument was con-
figured to provide the highest resolution possible (R ∼
20, 000) for a single spectral order of width 380 A˚ with
Hα positioned at the center of the order. This setup was
achieved using the Bench Spectrograph Camera com-
bined with the blue fiber cables and the 316@63.4 echelle
grating. Target exposures were taken for two separate
transits of each object. Details of the observations are
given in Table 1. We note that the smaller number of
in-transit exposures of KELT-3 on 2016-02-04 compared
with 2016-03-02 is the result of suspended observations
due to high wind speeds.
Table 1. Log of observations
V Date tstart − tamid tend − tmid texp S/N
Object (mag) (UT) (hours) (hours) (seconds) Npre Nin Npost (near 6500 A˚) Ncomp Nsky
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
KELT-3 9.8 2016-02-04 −4.4 4.6 600/900 16 7 11 183 11 64
2016-03-02 −6.4 2.2 600 27 16 3 190 11 60
GJ 436 10.7 2016-02-15 −3.0 2.0 1500 6 2 4 133 10 62
2016-02-23 −4.4 3.3 1200 12 2 9 142 10 59
Table 1 continued
1 We include the bound extended atmosphere in this phrase.
3Table 1 (continued)
V Date tstart − tamid tend − tmid texp S/N
Object (mag) (UT) (hours) (hours) (seconds) Npre Nin Npost (near 6500 A˚) Ncomp Nsky
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
a tmid denotes the mid-transit time.
A single fiber is dedicated to the target. The remain-
ing fibers are either assigned to a sky position or to a
comparison star in the field. The exact number of sky
and comparison object fibers for each date are given in
Table 1. The sky fibers are necessary to subtract out a
simultaneous sky spectrum, which includes both contin-
uum emission and night sky emission lines. Comparison
stars are important for identifying artifacts in the trans-
mission spectrum, e.g., imperfect sky subtraction.
2.1. Data reduction
The data were reduced using custom IDL routines.
Standard reduction steps were performed including bias
subtraction, flat fielding of the individual fiber spectra,
and wavelength calibration using ThAr lamp spectra.
Individual fiber spectra were extracted using a 7-pixel
wide boxcar. Cosmic rays in all spectra were identified
and removed post-extraction through median filtering of
the individual exposures.
The background sky emission can be a non-negligible
contribution to the object spectrum depending on the
relative brightness between the sky and the object. This
contribution can be exacerbated by moonlight scattered
off of clouds in the field of view. Thus a careful account-
ing of the sky spectrum from exposure to exposure is
important since we are looking for signals in the target
spectrum at the ∼1% level. We also account for small
variations in the sky spectrum across the field of view by
only selecting the sky fibers with angular distance 610′
from the target or comparison fibers. This normally in-
cludes ∼10–15 sky fibers for each object fiber.
For each exposure the proximate sky fibers are se-
lected for both the target fiber and each individual com-
parison fiber. The relative transmission efficiency of the
sky and target/comparison fibers are calculated using
the extracted flat field spectra. Cosmic rays are filtered
out of the sky spectra using a 3σ median filter. The
median sky spectrum for the target and each compar-
ison fiber is calculated and subtracted from the target
or comparison spectrum. Examples of the simultane-
ous target, comparison, and sky spectra are shown in
Figure 1 and Figure 2.
Small shifts of a spectrum on the detector can occur
throughout the night which amount to small changes
in the wavelengths of spectral features. To account for
these changes, each spectrum is shifted against a portion
of a reference spectrum until the standard deviation of
ratio of the spectra is minimized. The region of inter-
est near Hα is not included in the standard deviation
minimization. These shifts are typically on the order
0.001 A˚–0.01 A˚ and correlate strongly between objects,
i.e., the cause is instrumental and not intrinsic to the
targets.
3. Hα TRANSMISSION SPECTRA AND
ABSORPTION MEASUREMENTS
We define the transmission spectrum as:
ST =
Ft1
Ft2
− 1 (1)
where Ft1 is the average spectrum from some time pe-
riod (e.g., t1 =the pre-transit exposures and t2 =the
in-transit exposures) and Ft2 is the average spectrum
from a comparison time period. This is the same def-
inition used in our previous work (Jensen et al. 2012;
Cauley et al. 2015, 2016).
We compare three different groups of exposures to
each other: pre-transit, in-transit, and post-transit (see
Table 2). After ST is calculated, it is renormalized with
a low degree polynomial in order to remove any resid-
ual slope in the spectrum. The transmission spectra for
KELT-3 b are shown in Figure 3 and the spectra for GJ
436 b are shown in Figure 4. We measure the absorption
across a 1000 km s−1 band, or 21.9 A˚, centered on Hα.
The absorption is calculated as the equivalent width of
ST from Equation 1:
WHα =
+500∑
v=−500
(
1− F
v
t1
F vt2
)
∆λv (2)
where F vt1 is the flux in the spectrum of the group of
interest at velocity v, F vt2 is the flux in the comparison
group spectrum at velocity v, and ∆λv is the wavelength
difference at velocity v. This is essentially the negative
total of ST . The units of WHα are angstroms. The un-
certainty on WHα is derived by summing the normalized
flux errors in quadrature across the same integration
band.
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Figure 1. Raw extracted spectra for a single exposure of KELT-3 from 2016-02-04. The sky spectrum is fairly free of strong emission lines
and is ∼0.4% of the object signal.
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Figure 2. Raw extracted spectra for a single exposure of GJ 436 from 2016-02-23. Note the strong Hα absorption line in the sky spectrum.
This is moonlight reflected from clouds in the field of view. The accumulated sky counts are a much larger percentage (∼1.5%) of the
object spectrum than for the KELT-3 nights.
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Figure 3. Transmission spectra for KELT-3. The In-Post comparison is shown in the first column, In-Pre in the second, and Pre-Post in
the third. No significant absorption is detected in any of the comparisons. The measured values of WHα and their uncertainties are given
in Table 2.
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Figure 4. Same as Figure 3 except for GJ 436. The 2016-02-15 data are fairly low signal-to-noise and offer very weak constraints on an
absorption signature. The 2016-02-23 data are higher signal-to-noise but no absorption is detected (see Table 2).
6Table 2. Hα absorption measurements
In-Prea In-Post Pre-Post
Object UT Date WHα σWHα WHα σWHα WHα σWHα
(1) (2) (3) (4) (5) (6) (7) (8)
KELT-3 2016-02-04 1.1 4.0 −0.3 4.5 −3.5 3.7
2016-03-02 1.4 3.4 −0.6 4.4 −4.0 7.4
GJ 436 2016-02-15 −24.1 13.9 −18.3 15.1 −8.6 9.2
2016-02-23 9.5 9.1 −0.4 8.7 −0.7 6.0
aAll WHα and σWHα values are in units of 10
−3 A˚.
Values of WHα and its uncertainty are given in Ta-
ble 2. There is no significant absorption present in any of
the comparisons. The KELT-3 spectra are high enough
signal-to-noise to exclude 3σ absorption >1.3×10−2 A˚,
a value similar to that measured for HD 189733 b in
Cauley et al. (2016).
4. ABSORPTION TIMESERIES
We have also computed WHα as a function of time
for the higher signal-to-noise dates 2016-02-04 (KELT-3)
and 2016-02-23 (GJ 436) dates. For the individual mea-
surements, we choose to narrow the integration width
to ±200 km s−1 so as to not introduce additional uncer-
tainty into the already noisy individual measurements.
The WHα timeseries is shown in Figure 5. For each
date, the first five pre-transit spectra, which correspond
to the first five points shown in each panel, are used to
construct a comparison spectrum. All individual trans-
mission spectra are then constructed with that compar-
ison spectrum. We note that individual points that ap-
pear to show a 1-2σ signal are most likely the result
of small residual differences in sky subtractions, which
tend to average out in the master spectra (see Figure 3
and Figure 4). In other words, we do not believe these
signals are intrinsic to the stellar system. Uncertain-
ties for each point are the normalized flux uncertainties
added in quadrature across the range of integration.
The absence of absorption in individual KELT-3 ob-
servations is consistent with the null detection in the
combined average spectra. Although no significant Hα
changes are detected, the observations serve as a demon-
stration of the achievable precision for V∼10 stars using
a high-resolution spectrograph on a 4-meter telescope.
Absorption is also absent from the GJ 436 time-
series. We have simulated what the expected WHα sig-
nal would be from the extended hydrogen cloud sug-
gested by Ehrenreich et al. (2015) and revisited by Bour-
rier et al. (2016) (B16 in Figure 5) to include interac-
tions of the planetary outflow with the stellar wind. The
WLyα values (red solid line) are calculated directly from
the simulated Lyα profiles of Visit 2 from Bourrier et
al. (2016). Note that we follow both Ehrenreich et al.
(2015) and Bourrier et al. (2016) by only integrating the
absorbed Lyα flux between −120 km s−1 and −40 km
s−1.
To construct the Hα absorption from the Lyα mea-
surements, we assume a simple Gaussian line profile
shape for Lyα and fit the optical depth, line center, and
line width to the simulated line profile from Bourrier et
al. (2016). We then use this simplified line profile to
solve for the n = 1 column density:
N1 =
√
pie2f12τ1λ12
mecb
(3)
where f12 is the Lyα oscillator strength, e is the elec-
tron charge, me is the electron mass, λ12 is the Lyα rest
wavelength, c is the speed of light in vacuum, and τ1
is the n = 1 optical depth at line center. We assume
various excited-to-ground state ratios for the hydrogen
atoms which gives the n = 2 column density, NHα, based
on NLyα and, using the same line widths, calculate the
corresponding Hα line profile at each time. The model
WHα values are then calculated from the approximated
line profiles. However, since Hα is unaffected by inter-
stellar absorption, we integrate from −200 km s−1 to
+200 km s−1 to simulate the measurements made from
our observations. We do not integrate from −500 to
+500 km s−1 since this contributes nothing to WHα for
the model line profiles. We assume that the column den-
sity at each time is constant across the stellar disk and
that the entire disk is occulted by the hydrogen cloud
(see Figure 3 of Ehrenreich et al. 2015). The Gaus-
sian approximations to the Lyα model profiles and the
treatment of the column density from Equation 3 yields
a median n = 1 column density of N1 = 1.3 × 1013
cm−2. We caution that more precise column densities,
as a function of velocity, should be retrieved from the
full model output of Bourrier et al. (2016).
The WHα model values are shown as dashed-dotted
lines in Figure 5 for excited-to-ground state ratios
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Figure 5. WHα timeseries for the higher signal-to-noise dates. Note the different scales for the upper panel (KELT-3) and lower panel
(GJ 436). The vertical green dashed lines represent optical transit contact points. The red solid line in the lower panel shows the equivalent
width measure WLyα calculated from the model presented in Bourrier et al. (2016) (B16). The dashed-dotted lines shows the simulated
WHα values assuming n2/n1 values of 10
−3 (steel blue) and 10−4 (dark green). The right-hand axis gives the appropriate scale for the
Lyα model curve. The Hα models show that our data are sensitive to excitation ratios of &10−3 for the geometry presented in Bourrier et
al. (2016). Any ratio smaller than this results in WHα values well below our detection threshold.
n2/n1=10
−3 (steel blue) and 10−4 (dark green). Note
that the right-hand axis gives the Lyα model values
while the left-hand axis corresponds to WHα values,
both for the model and data. Our simulated WHα val-
ues show that, based on the Bourrier et al. (2016) model,
only for optimistic ratios of &10−3 would the cloud ab-
sorption be detectable in our observations. Including hy-
drogen excitation in a model similar to that from Bour-
rier et al. (2016) would be useful in order to produce
more realistic estimates of the excited hydrogen absorp-
tion. Our first-order estimates suggest that n2/n1<10
−4
throughout the neutral hydrogen cloud. This is a fairly
weak constraint and could be improved with more sen-
sitive observations from 8-10 meter class telescopes.
5. EXTENDED ATMOSPHERE MODELS
In this section we explore spherically symmetric atmo-
spheres as a first approximation to placing upper limits
on the size of the excited hydrogen atmosphere around
each planet. Two parameters control the absorption
strength: the radial extent of the atmosphere, which
determines the depth of the line, and density, which can
produce opacity broadening if the column densities are
large enough. We take the atmospheres to be of uni-
form density and we present 1σ limits in two cases: 1.
varying the density and radial extent of the atmosphere
to produce a value of WHα detectable at the 1σ level;
2. varying the density of a filled Hill sphere, i.e., a fixed
radial extent. In both cases, we restrict the line depth
to less than the 1σ flux limit. In Case 1, the line depth
restriction is the main determinant of the radial extent.
The filled Hill sphere is an extreme case for KELT-3 b,
which has a fairly high surface gravity (see Table 3), but
GJ 436 b is known to be experiencing significant mass
loss and overflowing its Hill sphere (Ehrenreich et al.
2015). The choice of uniform density is motivated by
the findings of Christie et al. (2013) who calculated Hα
absorption in the atmosphere of HD 189733 b.
The model consists of a uniform density atmosphere
8surrounding the planet at mid-transit. Planetary and
stellar parameters used in the model are given in Table 3.
All parameters for the KELT-3 system are taken from
Pepper et al. (2013). The GJ 436 transit data are taken
from Knutson et al. (2014) and the planetary mass and
stellar parameter are taken from Torres et al. (2008).
We fill a 3D grid with material at the specified density
and extinct the intensity from the star that is obscured
by those grid points. The line profile is approximated as
a Doppler–broadened delta function (Draine 2011) with
an intrinsic width of ∆v = 4.0 km s−1. This value is
chosen based on the line width necessary to reproduce
the in-transit Hα transmission spectra from Cauley et
al. (2015, 2016). For simplicity and due to fact that no
signal is detected in any ST measurements, we neglect
any broadening from stellar or planetary rotation. We
also neglect any limb darkening effects from the star.
The flux from the unobscured portions of the stellar disk
are then added to the absorbed grid points and the final
summed line profile is normalized. The line profile is
then convolved with a Gaussian of FWHM 15 km s−1
to approximate the Hydra instrumental profile.
To determine the case 1 and case 2 limits, we take
the flux uncertainties from the observed transmission
spectra and apply them uniformly to the model spectra.
We then propagate the flux errors in quadrature when
calculating WHα. The limits are determined when the
model signal approaches the 1σ level. Limits are derived
only for the nights of 2016–02–04 and 2016–02–23 due
to the higher quality of data. For the filled Hill sphere,
or Case 2, we vary the density until the line depth ap-
proaches the 1σ flux uncertainty. Note that in this case
the extended atmosphere is very optically thin whereas
in Case 1 the lines are highly optically thick.
Figure 6 shows diagrams of the mid-transit geometry
and the limits for both cases. The model line profiles for
each case are inset in the bottom-right. The radial 1σ
limits are perhaps more interesting: it is clear that the
signal-to-noise of the data, for either object, is not high
enough to rule out significant extended atmospheres of
excited hydrogen. In the case of GJ 436 b, this limit
extends to almost 1.3 Rpl. Given the suggested extent
of the escaping neutral hydrogen envelope, it is plausible
that the base layer, which we are not sensitive enough to
probe, could produce absorption detectable with an 8-10
meter class telescope. We note that this base thermo-
spheric layer is independent of the outflowing material
so the n2/n1 limits derived here are not applicable. The
brightness of KELT-3 would allow a similar detection if
excited hydrogen exists out to 1.1 Rpl in similar densities
to what we’ve modeled here. We note that the 1σ den-
sity limits derived for the limited radial atmospheres are
fairly large and that non-negligible absorption produced
by lower densities is certainly plausible.
The case of KELT-3 b can be compared to the simu-
lations by Salz et al. (2016) for the hot planet WASP-77
b (Maxted et al. 2013), which has a slightly larger sur-
face gravity and similar equilibrium temperature. These
fairly compact planets have neutral-to-ionized layers
that form closer to the planet (see Figure 8 of Salz
et al. 2016), reducing the strength of the potential Hα
transmission signal. Thus although the temperatures in
the thermosphere are on the order ∼ 104 K, there is
little neutral hydrogen beyond ∼1.2 Rp.
One explanation for the lack of Hα absorption around
GJ 436 b, despite the fact that large quantities of neutral
hydrogen are clearly present (Ehrenreich et al. 2015), is
the amount of EUV flux received by the planet. Christie
et al. (2013) found that the Hα absorption measured by
Jensen et al. (2012) required an ionization rate larger
than the nominal value by a factor of ∼3.5. This sug-
gests that a significant n = 2 population requires a large
amount of EUV and XUV flux. The estimated EUV
and XUV flux from GJ 436 is lower than that of HD
189733 by ∼1.5 magnitudes, in both cases (Salz et al.
2016). Thus although there is abundant neutral hydro-
gen around the planet, it is likely almost entirely in the
ground state, a conclusion that is supported by the time
series analysis in Section 4. The low peak temperature
of ∼5000 K in the thermosphere, as simulated by Salz
et al. (2016), may also be the reason for the lack of
n = 2 hydrogen: an excitation temperature of ∼14300
K is needed to produce n2/n1 ∼ 10−3. However, we cau-
tion that hot planets experience highly non-equilibrium
conditions and thus cannot be assumed to have a sin-
gle steady-state temperature in their extended atmo-
spheres. Variability in absorption signatures in ground-
state and excited hydrogen may be connected with the
variable activity levels of the host star.
6. SUMMARY AND CONCLUSIONS
We have presented a search for excited hydrogen ab-
sorption in Hα for the exoplanets KELT-3 b and GJ 436
b using the high-resolution Bench Spectrograph with
Hydra on the WIYN 3.5-meter telescope. We report no
detections of an extended atmosphere for either transit
of either target. We also find no evidence for absorption
by unbound circumplanetary material. We derive lim-
its on the radial extent of uniform density atmospheres
of n = 2 hydrogen and find that both planets may host
non-negligible atmospheres that produce line profiles be-
low the signal-to-noise threshold of our observations.
More sensitive observations with larger aperture tele-
scopes could probe below these limits.
Our exploratory observations demonstrate the ap-
proximate limits of high-resolution transmission spec-
troscopy with 4-meter class telescopes. Future mis-
sions such as the Transiting Exoplanet Survey Satel-
9Table 3. System parameters
Mpl Rpl RHill Porb a T
1
eq bimp Transit duration M∗ R∗ Teff
Object (MJup) (RJup) (Rpl) (days) (au) (K) (R∗) (hours) (M) (R) (K)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
KELT-3 1.48 1.35 4.59 2.70 0.041 1822 0.61 3.158 1.28 1.47 6304
GJ 436 0.07 0.38 5.83 2.64 0.0292 650 0.85 0.881 0.45 0.46 3350
1 The equilibrium temperature Teq is estimated from Teq = Teff
√
R∗/2a (Charbonneau et al. 2005)
2 We ignore GJ 436 b’s eccentricity since the atmospheric models are not time-dependent.
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Figure 6. Diagrams showing the system mid-transit geometries of full Hill spheres for both KELT-3 b (left) and GJ 436 b (right). The
opaque planetary disks are shown in orange and red and the filled Hill spheres are shown in black. The 1σ number density limits (n1σ) for
the filled Hill sphere are shown in blue and the 1σ maximum radii (r1σ) and density values for the uniform atmospheres are given in green.
The maximum radii are also indicated with dashed green lines around the planets. The model Hα line profiles for both cases are inset in
the lower right corner. The velocity and flux ranges for the line profiles has been narrowed compared to Figure 3 and Figure 4 in order to
highlight the profile shapes. The broad profiles for the varying radial extent case are the result of opacity broadening from the very large
optical depth.
lite (TESS ) will find many hot planets orbiting nearby
bright stars. We also expect TESS to find a signifi-
cant number of hot planets transiting active stars, which
will be the preferred targets for detecting Hα absorption
based on the results here and in Jensen et al. (2012)
and Cauley et al. (2015, 2016). These bright systems
will also be ideal targets for 4-meter class transmission
spectroscopy, allowing more efficient atmosphere detec-
tions and freeing up larger telescopes for observations
of fainter targets. New methods for detecting extended
atmospheres are needed once HST is retired and before
the next space-based UV observatory is commissioned.
Searching for Balmer line absorption with ground-based
optical spectrographs offers a possible solution.
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